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HELIC02!IIERROTCEtSAS INVESTIGATEDWITH

!l?ErEIw’?GmrHELICOPTERAJ?MRmm

Two representative

By Paul J. C-enter

helimpter rotorswith widelydifferent
charaoteris%imwere investigatedto detemine the effectof wind
veloci* on the powerrequiredfor suatentation.The rotorswere
investigatedwith the Langleyhelimpter apparatusand were powered
by a 13504mrsepowerengine.

The resultsof this investigationshowedan appreciabledecrease
in puwerrequtredfor both rotorsfor a giventlqustas the wind
veloci-&increased;for e=@eS at a *t of 2500 pounds
decreasesof about5 percentin powerrequiredat 8 miles per hour
and about17 pement at 15 milesper hour were shown.

The resultsobtainedfor both rotorswere essentiallythe same
although the rotorshad differentP- fo-, a~ofl secti-~ blab

. twists,and solidifies.Comparisonsof-theresultswith theoretical
valuesshowedthat the theorysatisfactorilypredictedthe effectsof
wind velociQ on the performanceof both rotorsfor airspeedsfrom O
to at least15 miles per hour.

A studyof the resultsindicatedthat,in orderto reduceerrors
broughtaboutby wind veloci~ to less than 3 percent,rota huvering
performancetestsshouldbe run at wind velocitiesof less than
5 milesper hour or the testresultsshouldbe adjustedto allowfor
the increasein performancedue to wind velocim.

Il!moImcTIoN

Althoughexperimentaldata for full-scalehelicopterrotors are

fairlyextensive,the test conditionsof theseinvestigationshave
been lMted to the rangeof variablesof the particularhelicopter
being studied. The Natimal AdvisoryCamitte.efor Aeronauticshas
consegyentlyconstructeda testingapparatussuitablefor obtaining
accuratemeasurementson full+cale helicopterrotorsfor a wide
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rangeof veriables. This equipnentis
apparatus.

,
The rotorbladesto be testedare

appsratuscalledthe “helicoptertower.

NACA TIJNO. 1693

n,

designatedthe L&gley helicopter

0

attachedto a part of the
“ Inammch as the wind conditions

at the towercannotbe controlled,the effectof wind veloci@ on the
aerodymmic data obtainedmust firstbe determinedin crd.erto correlate
the resultsof the testsmade underdifferentwind conditionsand with
differentrotors. For example,it is generallyImown and has been.
theoreticallyprovedby simplemomentum“tieory(reference1) thatrotor
performanceincreasesappreciablywith an Increasein drspeed.. Full-
scaleexperimentalccmfirmationof the themy, however,has beenvery
limitedin the airspeedrange of most interestfor the towertests
(oto 15 mph). Testswere thereforemade on a representativerotor in
this airspeedrangeto determinethe decreasein rotorpowerrequiredat
constantthrustat variouswind.speeds. Thesetestswere thenrepeated
with a rotorhavingwidelydifferentcharacteristicsf?mm the firstrotor
in orderto determinewhetherthe effectof wind velocitywas dependenton
rotorcharacteristics,The resultsof both seriesof testswere analyzed
and comparedwith the theoryof reference2. Only the effectof witi
veloci~ on the powerm@retl at constantthrustis givenherein,

u

inasmuchas the humrimg performance at a~roxhately zeroairspeed
of two similarrotorshas been analyzedin reference3. 0.

The resultsand analysis-pf thesetestsare C~ia9rea of general
interestimmuch as they providenot only a means far the com?elation
of data takenat variouslow wind speedsbut elso a Imowledgeof the
effectof wind speedon powerregtied in the low+peed range,which is
necess~ for the evaluationof helicopterhoveringperformanceand for.
takHff and Ian&lngstuddes.

SYMBOIS

b

R

c

r

Ce

mmiberof bladesper rotor

bladeradius,feet

blade sectionchord,feet

radialdistanceto blade element,feet

‘“() ~r .
cr2dr

o“equivalentblaQe chord,feet —

!

R
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o
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.- .

rotm solidi~ (bee/iR)

aensityof air, slugsper oullicfoot

rolxmthrust,pounds

rot~ torque,pound-feet

rotm ~ Velocitv, radians per second

rotor thrustooeffioient-
(*)

( )to?quecoefficient ~
I?x p[Q@2(R)

profile+rag torquecoefficient

induoedtorquecoefficient

inducedtorquecoefficientof rotor H in huveringat
zero*2p0t3a

inducedrotorpower,horsepower
,

true dmpeed of helicopteralongflightpath (usedherein
as the truewind velocim relativeto rotor) e’

.
inau.oea

inauoea
‘ feet

inflowveioci~ at rotor,feetper second

inflowveloci~ at rotor in hoveringat zeroairspeed., “
per second

APPARATE Am TESTMEmoDs

Descriptionof LangleyHelimpter Apparatus

in the shapeof a circtiarcone 39 feethigh M- a base &meter of
16 feet aud a top diemeterof 3 feet. A muvablework standgivesaocess
to the towerfrom the outside. A @-foot pole located180 feet fhom the
helicoptertoweris used for obtainingwind.=velocimdata. “Ageneral
view of the Langleyhelicopterapparatusis shownin figure1. .

Powerplant.- The puwerfor the rotor is suppliedby a ~linder
Packardmarineenginerated at 1350horsepowerat 2400rpm. The ex@ne
drivesthe geexreductionunit througha freewheelinguuit. A menually
operatedcone clutohengagesand ait3~f3 the engine. The gearreduction
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unit has interchangeablegearsgivingreductionratiosof I-2to 1
and 6 +0 1. Pert of the gesrbm asseniblyis shownin figure2.

‘ shaft.- The rotorshaftis capableof transmittinga drivingtorque
of’30,000pound-feet.The-lowerpart of the shaftconsistsof a section
on whichslipringsaremounted,a flexi%lecoupling,a specialnecked-
down sectionused as a str~e torquemeter,a diaphragmcoupling,
and a thrustbearingto whichthrustpickupsare attached. The lower
shaftinstallationis seen in figure2. Thetopof theshaft isan

, adapterflangeon which is mounteaa replaceable~– inch steelshaft. This

one is ~ea aa en adaptershaftfcm the rotor in the presentinvestigation.
Figure3 shuwsthe rotorinstallationatop the helicoptertower. .

~trumen~.- The helicopter toweris equippeawith instrumentsto
indicatethe thrust,torque,sideforces,shaftrotationalspeed.,blade
pitchangle,drag mgle, coningangle,wind veloci~, and wind direction.
A mo%iletrolleris locateaabout100 feet fromthe towerwith an
oscillographc~able of takingsimultaneousrecordsof the data.

The vertical*t is measuredby electricstraingages~~tia
on the summrts of the thrustbearing. Two mountsare avdlable, one
with a r@e of O to 3000poundsand the
to 10,000pomas ●

The to~ue is ~~a in a aiullar
on the necke&-dom sectionof the shaft.
r&ge of O to 3000pomd+feet,
pound-feetare available.

Sise forcesact@g on the
on the,top bearingsupports.

1“

Otogooo

rotcmare

otherwith a rangeof O-

mannerby electricstraingages
Shaftsectionswith a torque
pound-feet,

measureilby

anao to 30,000

straingagesmoumkd

Control~ositionindicatorswhichconsistof a Sliaeon a resistance
wire are uaetlto indicatethe bladepitchangle,drag angle,and coning
angle. These indicatorsare alsoused to obtainthe amountof cyclic
pitch.

Wind veloci@ is indicateaby anemometercupsmountedon a pole
180 feetfrom the tower. A wind+ection indicatm is locatedon top
of the pole.

A surveyr~e to measurethe directionandveloci~ of the induces
flow is inatalkl on the tower. The rake canbe rotateato aqv azimuth
positionand the veloci@
blde+mdius position.

The instrmentpanel
towerere shownh figure4.

directionindicators

the controlslocated

can be shiftedto aq

in the base of the

—- —.-. .— .—— ~..



Descriptionof Rotors

5

.

Two representativerotms (designatedrotxm A andB) with widely
differentcharacteristicswere used in the ~estigation. The bladesof
rotorA are stmikd~mdmtion modelsand have a radiusof 19 feet
measuredf%om the cent,erof rotation. The bladesare fabriccovered
dmtiisted, haveNACAOO12 airfoilsbctions,and have a solidity
of 0.060.

The bladesof rotorB alsohave a radiusof 19 feet. They are
plywoodcoveredand.hsve alinesr washoutof 8°, NACA23015airfoil
sections,and a solidityof 0.042. Plan formsof the two @es of rotms
testedare shownih figure5. A sumary of the pertinentcharacteristics
of the rotorsis givenas follows:

Rotor characteristics

Radius,feet
Blade twist (ltnear),d.eg
solidity, u
Blade srea (totalthreeblades),sq ft
Blade secticm
Bladeweight(oneblade),lb
Tgpe covering

._

RotorA
I

RotorB

19
None
0.060

65.4
NACA 001.2

57
Fabric

3
0.O42
46.3

ModifiedNACA 23015
60

Plywood“

Descriptionof Tests

The quantitiesmeasuredfor thesetestswere windveloci~ (mph),
rotorrotatimal speed.(rpm),rotorthrust(lb),rotortorque(lb-t%),
sideforces(lb),air temperature(OF),and staticair pressure(mmHg).

Wind velocityat the rotorwas assumedto be the sameas wind
velocityat the pole. As the instantaneouswindvelocitiesat the
wind+elocitypole and the rotormy not be g.uitethe same,Xl sets of
datawere takenfor each condition.Thesedata-yereobtainedby photo-
graphingthe Instrumen@anel dialsat lkecond intervals.The readings
were then averagedto givemean thrust,torque,rbtorspeed,andwind
velocityfor each condition.

The cup anemometerswere carefullycalibratedand were foundto be
considerablyin errorat airspeedsbelow10 milesper hour. A correction
chertwas made fromtestsin en instrumenttunnelto convertdialreadings
to truewind veloci~. Becausethe anemometercupswere inoperativeat
wind.velocitiesless than 2.5 milesper hour,a20-foot streamerof light
paperwas tiedto the work standat a distanceof 125 feetfrcnuthe tower;
zerowindveloci@ was takenas the pointat whichthe paperhung straight
down. No read- were takenat wind”velocitiesbetweenO @ 2.5 miles
per hour..

,.
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For each set of conditions,the syclicpitchwas adjustedto give

ME!t!EODOF AIUIYSIS

M walerto com?xrrethe resultswith the

—
sideforcesacting,on the =tor.

availabletheory.isolation
of thatmart of the %otelrowerrwnziredwhich is affectedby-and speed
was firs~necessazy.A st-~ of the problemindicatesthat‘tieindu~ed
pwer @i and,hence,the inducedtorquecoefficientswouldbe chiefly

affected.Reference2 presentsthe ars$ldbletheoryin a convenient
v v which is a ‘— plotteda@.nst Vhovsform of inducedvelocity Vhw

nondimensionalpar-ter proportionalto wind speed.

~ orderto obtainthesetwo ratios,a curveof totaltorque
coefficientsat acy thrustcoefficientwas firstobtainedfor the hovering
condition.An estimatedprofile-dragto~ue-coefficientcurvewas drawn
andvaluestakenRromthe curvewere mibtractedfrcmthe totalhovering
torquecoefficientsto obtainthe hoveringinducedtorquecoefficientsfor . “
any thrustcoefficient.The estjma,te~profil~ag torqlecoefficients
usedwere dete-d by startingat themixxhumvaluenmasuredand increasing ,
it as a functionof increasingthrustcoefficientaccordingto the procedure
givenin referencek. The inducedtorquecoefficientscorrespondingto the
measuredthrustcoefficientfor each of the datapointswere then obtained
by subtractingthe sameest-ted profile+rag torque coefficientfrom the
measuredtotaltorquecoefficientobtainedat the vario~ wind velocities.
Once the veluesof ~ihw ~ CQi are determined,the tiuced velocity

ratioscanbe calculatedfrom the follcmlngrelationship:

(1)

wh-erethe induced.+velocimdistributionsare assumedto be similar,for
variouswind velocities.

For purposesof calculatingthevelue of ~ for each datapoint,
‘huv

the thOOrOtiCS,lValueOf Vhm was calculatedfromthe rxqression

.

‘hov F=fzR p

in whichthe ind.uced+elocitydistributionis
v— were then calculatedandThe valuesof Vhov

.

r

(2)

aammed to be uniform.

plottedagainst ~.
‘hav

.- .. ,— -~
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~. AND DISCUSSION

A SUZUIMX9of the data end resultsobtained.with rotorsA d B is
v

presentedin tablesI &d II, respectively.The ratios ~ and —
‘hov ‘huv

were calculatedonly for pointsof 1500poundsthrustm greaterbecaue,
as the inducedpower approacheszeroS the e~erimentelerrorcan become
Vew lnge. Becausethe methodof analYsisre~utreda curveof total
hoveringtorquecoefficientplottedsgainstthrustcoefficient,the data “
ta)senat zero-speed were plottedin figures6 ~ 7. h -r to
assistin fairlngthe curvesthroughthe limitednumberof datapoints
at zeroairspeed,pointsat very low airspeedsare included.in the
figures.

The geement betweenthe ~erimental-data and the theoretical
curvesof induced+velocimpsrameterand windseloclw parmeter is shown
in figure8. The resultsobtained’for both rotorswere essentiallythe
same althoughtheirairfoilsections,plan forms,bladetwists,and
solidifiesem different.

GQod agreementis obtainedwith the theoreticalcurvefor values
vof — from O to 1.0,which for normaldisk‘loadingscorrespondto
‘hov

airspeedsof 0 to about 15 miles per hour. l’lmse tests are considered
to show clearlythe validim of the theo~ for thisrangeof airspeeds
for rotorswhose geometricparametersfall.withinthe range coveredby
conventionaldesign. A somewhatsmellerexperimentalthan theoretical

reductionin puwerregutred.is shownat ratiosof ‘~ above1.0.

Althoughsome suchUscrepanoymy be ~ected. from considerationsof
the &is-w of Muted flow,the MMted -~t of data obtained
and the increasein ~erimental errordue to gustinessat highwind
velocitiesallowno definiteconclusionsto be drawn. For thisreason

the experimentalcurvein figure8 is a @shed line abavea value of ~

of 1.0 to indicateitsprovisionalnature.

The effectof wind velociw on powerreqziredas well as the agre-
ment betweentheoryand-experimentcan be pore easilyunderstoodin
termsof conventionalparameters.As an example,the fairedresults
of figure8 are presentedin figure9 as a plot of rotorpower
againstwind velocim for rotorA operatingat a thrustof 2500pounds.
The figureshowsdecreasesin powerrequiredfor sustentationof
about5 percentat 8 milesper hour and about17 percentat 15 miles
per hour. Examinationof the figurb,alsoshowsthat,in orderto
reduceerrorsbroughtaboutby wind velocim to less than 3 percent,
rotorhuveringperformancetestsshouldbe run at windvelocitiesof
less than

snow for

...-.------...

5 fies per hour or the testresultsshouldbe adjustedto
the increasein performence due to wind velociw.

.

------ ....—— ~ —-—. — —.,— ----- — -. —--- --—-- -——- —-— .-—--— . .... .



8 .
NACA TN No. 1698

CONCLUSIONS

The effectof wind
has been experimentally

veloci~ on the performance
detemninedwith the Langley

of helicopterrotors
helicopterapperatus

for two setsof rotorbladeswith widelydifferentcharacteristics,and
the experimentalresultshave been coqared with theoreticalvalues.
Emu the performancedata obtained,the followingconclusionsmay be
drawnfor rotorswhose geometricparameks fallwithinthe rangecavered
by conventionaldeeign:

1. As predicted.by theory,the powerre~ti6a far sustentation
decreasedappreciablyas the airspeedincreased;for example,a decrease
of about5 percentin powerregutredwas noted at 8 miles per hour and
a decreaseof about17 percentwas notedat 15 miles per hour at a rotor

.

*t Of 2500POunaS.

2. The resultsobtainedfor both rotorswere essentiallythe same
althoughthe rotorshad clifferentplan forms,airfoilsections,blade twis’
and solidifies.Ccmpsrisonsof’the resultswith theoreticalvalues showed
that the theorypredictedsatisfactorilythe effectsof *d velocityon
rotorperformancefor airspeedsfromO to at least15 milesper hour.

3. Xn orderto reduceerrorsbroughtaboutby wind veloci@ to
less than 3 percent,eitherrotorhoveringperformancetestsshouldbe
run at wind velocitiesof less than 5 milesper hour or the testresults
shouldbe adjustedto allowfor the increasein perfcrmance due to
windvelocity.

LangleyAeronauticalLaborat~
NationalAdviso~ CommitteeforAeronautics

Lsn@eY Field,Va., Jti 17, 1948
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! Figure lo- GeneralviewofLangleyhelicopterapparatus.
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Figure2.- Gearboxandlowershaftassembly.
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Figure 3.- Rotor installation atop helicopter tower.
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(a) ktor A.

.

.—. .. .. .

(b) Rotor B.

Figure 6.- Plan formal of teet rotor blades.
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Figure6;- Totalandprofile-h%torqueCuslfficienkbr rotorA atnearzero
airspeed.(Eachsymbolrepresentsa differentday.)
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Figure7.- Totalandprofile+= torquecoefficientsforrotorB atnearzero
airspeed.(Eachsymbolrepresentsa differentday.)
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Windvelooity,mph

F@ure 9.- Effectofwindvelocityc -thepowerrequiredforrotorA ata
thrustof2500poundsand217rpm.
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